The in vitro decapsidation of a small isometric plant virus, turnip yellow mosaic virus (TYMV), was investigated by cryo-electron microscopy. Cryo-electron micrographs of TYMV and empty shells show that rapidly frozen virions still contain their RNA. Images of vitrified virions resemble closely those previously obtained by negative staining. Rapidly frozen virions decapsidate upon thawing although they remain well dispersed on the grid. The escape of the RNA through a hole at the periphery of the capsid could be visualized. The results suggest a model for the in situ decapsidation of small icosahedral viruses.
Introduction
Our knowledge of the architecture of isometric viruses has made considerable progress in the last 10 years with the elucidation of the detailed three-dimensional structures of more than 10 plant and animal or human viruses (reviewed in Rossmann & Rueckert, 1987; Rossmann & Johnson, 1989) . Replication and transcription of the viral genome have also been extensively investigated. In contrast much less is known about the mechanism by which nucleocapsids release their nucleic acid.
Interesting results have been obtained with turnip yellow mosaic virus (TYMV). Purified suspensions of TYMV and other tymoviruses contain not only virions but also empty shells (natural top component) of similar size and organization but lacking the viral RNA. Artificial empty shells could also be obtained in vitro by the action of various chemicals, temperature or pH (reviewed in Hirth & Givord, 1988) . It could be shown, for instance, that shells obtained by freezing and thawing virions (Katouzian-Safadi et al., 1980) probably possess a hole corresponding to the loss of some five to ten protein subunits, through which the RNA could have escaped (Katouzian-Safadi & Berthet-Colominas, 1983; Witz & Kriise, 1983) . Shells obtained by inoculation of host plants with purified virions (Kurtz-Fritsch & Hirth, 1972 ) also probably possess a similar hole (Matthews & Witz, 1985) . Freezing and thawing thus potentially t Present address: Laboratoire de Microscopie Electronique, Universit~ de Lausanne, CH-1015 Lausanne-Dorigny, Switzerland.
simulates the process of in situ decapsidation since it leads to the same end products. This similarity prompted us to try to investigate the mechanism of this decapsidation by cryo-electron microscopy of unstained specimens.
Methods
Virus. TYMV was multiplied in turnip (Brassica rapa Linn., cv. Just Right) and purified as described by Katouzian-Safadi & BerthetColominas (1983) . Virions were separated from natural empty shells by repeated brief ultracentrifugation . Purified virions were suspended in 10 mM-Tris-HC1 pH 7.5; 0.1 mM-sodium azide was added for storage, but removed by dialysis before use of the virus.
Cryo-electron microscopy. Suspensions (3 ~tl aliquots) at about 5 to 10 mg/ml were put on perforated carbon films, forming a thin layer over the holes of the film. The grids were frozen by immersion in liquid ethane and were subsequently transferred into liquid nitrogen (Dubochet et al., 1988) . Electron micrographs were recorded on Kodak SO163 films at 25000 to 45000 magnification in a Philips CM12 or a JEOL CX 100 (2) electron microscope, both equipped with low dose imaging devices, Gatan cryoholders maintained at 100 K and homemade anticontaminators (Dubochet et al., 1982) . Electron doses were about 10 e/A 2 and defocusing ranged from 400 to 2500 nm.
For the freezing and thawing experiments, 3 Ixl of the specimen was applied to a grid, frozen by dropping into liquid nitrogen and thawed for about 30 s at room temperature. Vitrification before observation was performed as described above.
The magnification of the micrographs was calibrated by measuring the pitch of the helix of tobacco mosaic virus with an optical diffractometer, or by measuring directly the length of the rod-shaped virions with a Nikon Shadowgraph.
Negative staining was with 2% uranyl acetate.
0001-0788 © 1992 SGM 
Results

Cryo-electron microscopy of T Y M V
A typical field of TYMV particles frozen in amorphous ice is shown in Fig. l(a) . Virions appear as dark isometric particles whereas a few empty shells appear as dark rings with reduced contrast in their centre; these empty shells probably correspond to the natural top component present in our suspension of purified virions. Similar images are obtained with suspensions of natural top component fractionated by isopycnic centrifugation in a CsC1 gradient (not shown) and, apart from the absence of a hole at the periphery, with empty shells resulting from freezing and thawing of purified virions (Fig. 2 ). The comparison of the two types of image clearly indicates that most, if not all, of the rapidly frozen virions still contain nucleic acid, and that the contrast near the centre of the virions mainly arises from the contribution of the viral RNA. In one sample (shown in the inset, Fig. 1 b) some virions were accompanied by a much smaller particle, located very close to them. Since only very few such particles could be seen elsewhere on this micrograph, we suggest that they had been released by the neighbouring virions. The diameters of virions frozen in liquid nitrogen or ethane are similar, 300 + 10 A. Empty shells ( Fig. 1 and 2) were found to possess the same diameter.
Fine details may be seen near the centre of many frozen virions. They do not just correspond to defocusing artefacts since they are also visible in images taken closeto-focus, after analysis in direct space (P. Schultz, personal communication). In the particle marked by the arrow in Fig. 1 (a) , for instance, two neighbouring dark dots are surrounded by five and six other dots respectively. Indeed the images of unstained virions trapped in amorphous ice resemble closely (with reversed contrast) those obtained with negatively stained TYMV (see plates III to VIII of Finch & Klug, 1966) . We have estimated the radius at which lay the clusters seen in particles such as that marked by the arrow in Fig. 1 (a) : by superposition with plates II or VIIb of Finch & Klug (1966) , after appropriate scaling, we calculated the radius to be 136A, assuming that particles are undistorted. Comparison of the images of vitrified virions and empty shells shows that similar clusters may also be seen in the centre of the latter particles, but the contrast is always much lower than in virions.
Decapsidation of T Y M V
If a grid of frozen TYMV was thawed at room temperature for about 30 s and rapidly frozen again, the population of empty shells became much greater (Fig. 2) , providing evidence that many virions had released their RNA. Some of these empty shells appear damaged at their periphery: a hole in an isometric empty shell can be seen only in this particular orientation, as only the periphery of unstained protein shells provides sufficient contrast. Freezing the samples in liquid ethane instead of liquid nitrogen (see Methods) did not substantially modify the decapsidation rate (not shown). In any case, the electron micrographs clearly show that the particles remain well dispersed on the grid. Fig. 2 (b to e) shows a selection of particles observed on the same or other grids: empty particles with a hole at their periphery can clearly be seen, associated with a filamentous structure. The filaments seem to escape from the hole. Small globular structures seem to be associated with some of these filaments.
Virions dialysed against 0-02 M-sodium acetate buffer pH 5.8 yielded the same images as at pH 7-5. Similar images were also obtained if the pH 7.5 buffer was made with D 2 0 instead of H20, or when TYMV was purified according to Matthews (1960) . Kaper & Alting-Siberg (1969) have shown that TYMV decapsidates upon freezing and thawing into infectious R N A and empty shells. Shells obtained in this way have the same diameter as native capsids, and probably a hole corresponding to the loss of some five to nine coat protein subunits (Katouzian-Safadi et al., 1983) . This hole and the escape of nucleic acid have now been visualized (Fig. 2) . As discussed in the Introduction this mechanism probably simulates in vitro the decapsidation process that takes place in situ upon inoculation of purified virions.
Discussion
Our results also show that frozen virions still contain their RNA and that decapsidation takes place upon thawing. Neutron scattering studies showed that this statement also holds for particles frozen in bulk solutions, as used in Katouzian-Safadi and co-workers' (1983) experiments (J . Witz et al., unpublished results) .
Cryo-electron microscopy shows that TYMV decapsidates into empty shells and RNA upon thawing of thin layers of frozen solutions in which virions remain well dispersed in a low ionic strength buffer, suggesting that decapsidation is an intramolecular process. KatouzianSafadi et al. (1980) observed a sigmoidal concentration dependence of the decapsidation rate of virions frozen in bulk solutions, and concluded that interparticle interactions were probably responsible for the RNA release upon freezing and thawing. This concentration dependence however probably mainly reflects the fact that not only large particles, but also salts are excluded from growing ice crystals (Dubochet et al., 1988; K6rber, 1988) , and accumulate in the interstices. This residual volume increases considerably with the virus concentration (see also the electron micrographs in KatouzianSafadi & Haenni, 1986) . The final salt concentration in the aggregates will therefore be considerably higher at low virus concentration. It will of course also be higher if the initial molarity of the buffer is increased. It has indeed been observed (Fig. 2 of Katouzian-Safadi et al., 1980) that the virus concentration resulting in any given decapsidation rate is approximately proportional to the initial molarity of the buffer. It is therefore likely that also in bulk solution decapsidation is an intramolecular process, and that the concentration dependence observed by Katouzian-Safadi et al. (1980) is due to a protective effect of high local salt concentrations.
The location of the region that becomes weakened first and eventually gives rise to the hole in the shell could be purely random, or correspond to an interaction between a few protein subunits, or between subunits and a unique site on the RNA. A nucleoprotein complex liberated by TYMV at high pH has been isolated, but it could not be dissected biochemically (Keeling & Matthews, 1982; J. Witz, unpublished results) . The proteins of this complex could correspond to the globules associated with the filaments seen in Fig. 2 . In any case the presence of a special site on the capsid through which the RNA could eventually escape would imply that an isometric virion, in spite of the high symmetry of its protein shell, is functionally polar in the same way as a small isometric bacteriophage containing the maturation (A) protein.
The mechanism of release of infectious RNA through a hole that forms in a capsid may also hold for other small isometric viruses. For instance only small aggregates of protein subunits could be detected in the sap of plants freshly inoculated with bromegrass mosaic virus (KurtzFritsch & Hirth, 1972) , but unstable empty shells are formed upon in vitro decapsidation of this virus in high salt concentrations (Pfeiffer & Hirth, 1974) . Furthermore, 80S ribosomes and other factors present in an in vitro system are able to extract the genomic RNA from swollen southern bean mosaic virus without drastic disruption of the capsid: this process allows the translation of the genome to start before decapsidation is completed (Brisco et al., 1986) . The release of RNA through a hole in these capsids therefore probably started at the 5' end of the genome. Poliovirus and other picornaviruses also yield empty shells upon decapsidation in situ and in vitro (reviewed in Putnak & Philipps, 1981) . It would be interesting to check whether these also possess a hole through which the RNA could have escaped. Small isometric bacteriophages probably follow the same rule, although it is clear in this case that the A protein plays an important role in the decapsidation mechanism.
Investigating the behaviour of TYMV before decapsidation upon alkaline titration, Keeling et al. (1979) found that the radius of the particle determined by photon correlation spectroscopy increased rapidly from 146 to 152/~ before release of the RNA. According to preliminary neutron scattering studies, virions frozen in bulk at 80 K probably also have a diameter approximately 3 to 5~ larger than that of native virions (M. Adrian, P. A. Timmins & J. Witz, unpublished results) . Such a small swelling cannot be detected easily by electron microscopy, especially as the outer surface of TYMV is not smooth and its diameter is only in the order of 300 A.
The comparison of the images of unstained vitrified virions and empty shells ( Fig. 1 and 2 ) and the similarity of the former to those obtained by negative staining leads us to suspect that a major reorganization of the viral RNA distribution might have occurred upon freezing of the virions. The difference between the images of negatively stained virions and shells has been interpreted by Finch & Klug (1966) as evidence for the clustering of a large part of the RNA at the 32 lattice points of an icosahedral surface net with a triangulation number (T) of 3, deeply embedded into the protein shell. This model was substantiated by the results of X-ray diffraction studies of crystals grown in approximately 0.5 Mammonium sulphate ; indeed the alternative explanation of Klug's experimental data would imply that empty shells and virions differ in density heterogeneities of their protein moieties at large radii. This hypothesis would however be very difficult to reconcile with the fact that virions and shells crystallize in the same space group, with identical unit cells, and may even co-crystallize. Furthermore their single crystal diffraction patterns are identical except at low resolu-tion: see discussion in section 4b of Klug et al. (1966) ]. Small-angle neutron scattering studies of solutions of virions in 0.01 M buffers at room temperature showed that in native TYMV most of the RNA is located within the central hole of the capsid, with little or no penetration into the protein shell (Jacrot et al., 1977 ; M. Adrian, P. A. Timmins & J. Witz, unpublished observations). It could therefore be that the structure described by , as well as that observed in our cryo-electron micrographs, corresponds to an intermediate state preceding decapsidation, and not to native virions. It is indeed worth mentioning that Klug etal. (1966) observed that after prolonged storage TYMV crystals in ammonium sulphate no longer scatter as fresh virus crystals, but largely as crystals of empty shells devoid of any organized RNA (discussion in section 3a of . We are therefore undertaking a detailed study of electron micrographs of TYMV virions and empty shells, to determine the localization of the RNA in frozen virions. It would also be very interesting to determine by X-ray diffraction the three-dimensional organization of a tymovirus from crystals grown in more physiological conditions than those of Klug et al. (1966) . Indeed, a cooperative transition immediately preceding decapsidation could be inhibited by the binding of one or a few neutralizing antibodies or antiviral drug molecules, and would account for the high efficiency of their action (discussion in Rossmann & Rueckert, 1987) . Furthermore, if the structure of rapidly frozen virions were different from that of native virions, this would also imply that cryo-electron microscopy does not always provide a faithful picture of the native state.
